We tested the hypothesis that dietary fi bre (DF) has protective effects against manganese (Mn)-induced neurotoxicity. Forty-eight one-month old Sprague-Dawley rats were randomly divided into six groups: control, 16 % DF, Mn (50 mg kg -1 body weight), Mn+ 4 % DF, Mn+ 8 % DF, and Mn+ 16 % DF. After oral administration of Mn (as MnCl 2 ) by intragastric tube during one month, we determined Mn concentrations in the blood, liver, cerebral cortex, and stool and tested neurobehavioral functions. Administration of Mn was associated with increased Mn concentration in the blood, liver, and cerebral cortex and increased Mn excretion in the stool. Aberrations in neurobehavioral performance included increases in escape latency and number of errors and decrease in step-down latency. Irrespective of the applied dose, the addition of DF in forage decreased tissue Mn concentrations and increased Mn excretion rate in the stool by 20 % to 35 %. All neurobehavioral aberrations were also improved. Our fi ndings show that oral exposure to Mn may cause neurobehavioral abnormalities in adult rats that could be effi ciently alleviated by concomitant supplementation of DF in animal feed.
Manganese (Mn) is distributed widely in the air and water in a number of chemical and physical forms. It is very active and could be in 11 oxidation states in the geological environment. Among those, Mn 2+ and Mn 3+ are especially important for biological tissues (1) . Generally, Mn 2+ is more stable than Mn 3+ . Manganese is an essential trace nutrient in all forms of life. It is necessary for normal functioning of a variety of physiological processes that include protein, amino acid, carbohydrate, and lipid metabolism and can be found in various biological tissues. Manganese also plays an essential role in regulating bone and connective tissue growth, cellular energy, immune function, and blood clotting. As a cofactor for glialspecifi c glutamine synthetase, pyruvate carboxylase, superoxide dismutase (SOD), and other enzymes in the brain, Mn is involved in neurotransmitter synthesis and metabolism (2, 3) .
For many years, however Mn has also been known to exert neurotoxic effects. It can enter the brain tissue by crossing the blood-brain barrier via several routes. Excessive chronic exposure to Mn can cause progressive and persistent neurodegenerative damage associated with numerous psychiatric and motor disturbances, resembling the idiopathic Parkinson's disease. The syndrome includes tremor, postural instability, bradykinesia, gait disturbance, rigidity, ataxia, and even cognitive defi cits (1, 4) . Among these symptoms, cognitive defi cits such as spatial working memory, reference memory, and learning capacity disorders have received less attention than motor function disorders. Josephs et al. (4) reported reduced learning capacity in occupationally Mn-exposed welders, and Schneider et al. (5) found that monkeys developed subtle defi cits in spatial working memory after exposure to MnSO 4 .
Exposure to airborne Mn pollution occurs through fumes at the workplace and outdoors. Epidemiological studies in occupationally exposed workers showed a significant positive correlation between lifetime cumulative or integrated Mn exposure and neurological dysfunction (1, (6) (7) . Chronic exposure to excessive Mn levels can lead to a variety of psychiatric and motor disturbances, so-called manganism. It can occur due to occupational exposure during Mn dioxide mining and grinding, ferri-manganese smelting and welding, dry-battery-factory production, Mn oxide production, and Mn salt production (7). Symptoms of manganism include cephalalgia, fatigue, sleep disturbances, sialorrhoea, adynamia, muscular pain and hypertonia, mask-like face, gait changes, reduced coordination, hallucinations, and mental irritability. Among these symptoms, cognitive defi cits including disturbance of learning and memory are particularly dramatic. Bowler et al. (8) explored the relationship between Mn exposure and learning and memory in bridge welders. Bouchard et al. (9) conducted a followup study of alloy workers and concluded that Mn cumulative exposure could lead to learning and memory defi cits. In spite of the criticism due to certain biases pointed out in the above mentioned reports, the fact remains that Bowler et al. (8) confi rmed the correlation between abnormal neuropsychological fi ndings and Mn exposure in welders in a dose-related manner.
In recent years, Mn in the form of 3-hydroxymethyl cyclopentadienyl manganese (MMT) has replaced tetraethyl-lead in gasoline as an antiknock agent. This application of Mn has led to more serious ambient air pollution (10) .
Manganese can be absorbed through the respiratory tract by inhalation; 'but most of the absorption is through the digestive tract, especially in chronic exposure. So far, studies of the intake and neurotoxicity of Mn have principally focused on its absorption through the respiratory tract, and less attention was paid to the absorption through the gastrointestinal tract, especially in population-based studies.
Dietary fi bres (DF) are present in many plants and play an important role in the maintenance of human health (11) (12) (13) . A copious intake of DF reduces the risk of numerous health disorders and diseases, such as hypertension, cardiovascular diseases, and colorectal cancer (11, 13, 14) . Furthermore, DF consumption may improve serum lipid and cholesterol concentrations (15) , blood glucose in diabetes (11) , and possibly even the immune function. Sherry et al. (16) reported that soluble DF had an ability to alleviate endotoxin-induced sickness behaviour through the up-regulation of interleukin-4 (IL-4) and lymphocyte T helper (Th2) cell polarisation. All these reports identify the benefi ts of DF and suggest that DF can be considered the "seventh nutrient".
One of DF's benefi ts is that it can infl uence the absorption of metals such as cadmium (Cd), lead (Pb), mercury (Hg), and copper (Cu). More than twenty years ago, Drews et al. (17) reported the effect of DF on Cu, zinc (Zn), and magnesium (Mg) utilisation in adolescent boys. Recently, Yang et al. (18) reported that chlorella (whose main compound is DF) intake had effects on Cd 2+ , Pb
2+
, Hg 2+ absorption; Shim et al. (19) reported the effects of chlorella intake on Cd metabolism in rats; and Ou et al. (20) found that wheat bran DF effectively bound three tested metal ions and provided protection against metal' toxicity. In the most recent paper, Callegaro et al. (21) reported that cereal bran supplements (a type of food from Brazil with DF as its main component) reduced the effects of Cd at lower concentrations in young rats, but was ineffi cient against higher Cd concentrations.
To sum up, literature data published so far suggest that DF could change the absorption of several metal ions and/or accelerate their excretion. However, reports on DF interaction with Mn ions are rare. This is why we wanted to test the hypothesis that DF had protective effects against Mn neurotoxicity in an animal model in vivo by exposing adult rats to different Mn concentrations with or without DF and testing their neurobehavioral performance.
MATERIALS AND METHODS

Chemicals
Manganese chloride (MnCl 2 , purchased from Chemical Reagent Company of Chinese Medicine Group, Shanghai, China) was used as test chemical. Soybean DF (purchased from Yunhai International Trade Limited Company (Tianjin, China) is composed in main portion of total dietary fibres (dry basis ≥65 %); other ingredients are moisture (≤8 %), ash (≤7 %), protein (≤20 %), and fat (≤1 %). No toxic substance was detected (such as other heavy metals). Its quality was controlled by the Bureau of Product Quality Supervision of the Shandong Province, China. Nitric acid (purchased from Development Center of Kemio Chemical Reagent, Tianjin, China) was chromatographic pure grade.
Animals
Forty-eight three-week-old male Sprague-Dawley rats were used in the experiment (purchased from Laboratory Animal Centre of Third Military Medical University). The rats were fed with full grain, had free access to forage and tap water, and were kept under controlled indoor temperature of (20±2) °C, with the light and dark cycle exchanging every 12 hours. Rats were housed in plastic cages (45 cm×32 cm×19 cm) with four rats per cage. The cages were supplied with sawdust as bedding and a metal grid on top. Animals' general health during the experiment was checked by measuring body weight at the beginning and the termination of the experiment.
Experimental design
After the adaptation period of one week, the rats were randomised into six groups of eight, as follows: the control group, 16 % DF, Mn, Mn+4 % DF, Mn+8 % DF, and Mn+16 % DF. Manganese (as MnCl 2 ) was given in a dose of 50 mg kg -1 body weight by gavage once a day. Soybean DF was mixed with rat forage in the following percentages: 4 %, 8 %, and 16 %. This dose was calculated using a simple formula: soybean DF weight was divided by total forage weight and multiplied with 100. The control and the 16 % DF group received physiological saline in the dose of 10 mL kg -1 body weight using the same procedure as for Mn. All animals were treated for one month.
The experimental protocol was reviewed and approved by the Ethics Review Committee for Laboratory Animal Research at the Affi liated Hospital of Zunyi Medical College.
Neurobehavioral tests
Morris water maze test was performed on all rats (22) after the one-month treatment. The water maze was a grey-circular tub fi lled with water at 25 °C. The diameter of the water maze was 120 cm and total depth 35 cm. Water was fi lled up to 15 cm from the brim. In the centre of the northeast quadrant of the water maze at the depth of 2 cm under the water surface, there was a black platform with a diameter of 12 cm. In order to hide the platform, water was stained with milk. The pool was always in the same position and the experiment carried out by the same people. In the locating navigation experiment, rats were placed at one of the four starting points (northeast, southeast, southwest, and northwest) facing the wall of the pool to enter the water, and the same rats started from the same points for the fi ve consecutive test days. If the rats failed to get to the platform in 120 s (escape latency), they were guided to it, stayed there for 30 s, and their escape latency counted as 120 s. At the end of every trial, the rats were towelled, fan dried, and put back to their cages for a 15-minute rest, then they were re-tested and the tests were run twice a day. All results were recorded automatically by the computer. Here we report average time.
For the step-down test the rats were put onto a fl oor grid inside a rectangular box for 3 min to adapt to the environment and then shocked with 36 V alternating current. A normal reaction was to jumping onto a platform above the fl oor grid to escape the shock. After a while, the rats would return step back down the fl oor grid, and most repeated this action twice or even several times. The training lasted 5 min. After 24 h, the test was repeated and the latency of the fi rst time to step down from the platform (step-down latency) and the number of errors within 3 min (number of errors) recorded for every rat. If a rat did not step down onto the grid platform within 3 min, the number of errors was counted as 0, and the step-down latency was counted as 180 s.
Manganese tissue analysis
Twenty-four-hour stool samples were collected using metabolic cages 24 h before the rats were decapitated under diethyl ether and dissected. Blood was collected after decapitation, and liver and cerebral cortex dissected for Mn determination.
One gram of liver, 0.2 g of cerebral cortex, and 0.2 g of wet stool were placed into a crucible and baked at 100 °C for 16 h. Blood (0.2 mL) was taken by suction and digested in a microwave after evaporation on an electric hot plate. Then the samples were dissolved with 10 mL of nitric acid for the fi nal tests. Blood and cerebral cortex Mn level was determined by graphite furnace atomic absorption spectrometry (AAS, Varian Inc., USA); and stool and liver Mn level by fl ame AAS. Mn excretion over 24 h was computed using the following equation:
Mn-excretion rate (%) = 24-h Mn in the stool / 24-h Mn by gavage administration × 100
Essential micronutrient tissue analysis
Blood, liver, and cerebral cortex Zn, Cu, and Fe concentrations were determined using an automatic biochemical analyser (AU2700, OLMPUS Inc., Japan).
Statistical analysis
The results are presented as mean ± standard deviation (SD). All data were analysed using the analysis of variance (ANOVA), and post hoc LSD tests were used for multiple comparisons. Dosedependency was tested with factorial ANOVA using linear trend testing. All tests were two-tailed. Difference at the level of P<0.05 was considered statistically signifi cant. We used the Statistical Package for Solution and Services software (version 18.0; SPSS Institute, California, USA).
RESULTS
At the beginning of the experiment, average rat weight per group was about 180 g. After one-month of treatment, their body weight increased about 60 g in average in all groups. The groups did not differ in total forage intake and body weight gain.
Escape latency
The overall ANOVA test showed a signifi cant difference in escape latency between all groups (F=36.6, P<0.001). Multiple comparisons showed a signifi cant increase in escape latency in the Mn group in respect to control for test days 2 through 5. The 16 % DF group did not differ from control. Over the same test days, the escape latency in Mn+DF-treated groups was signifi cantly lower than in the Mn group and the lowering trend correlated with increasing DF percentage ( Table 1 , fi rst fi ve columns). It also dropped with test days 2 to 5.
Step-down latency and number of errors
Compared to control, step-down latency signifi cantly dropped in the Mn group and the average number of errors signifi cantly increased. No signifi cant difference was found between control and the 16 % DF group. Latency also improved in the Mn+8 % DF and Mn+16 % DF groups compared to the Mn group and reached control values. Adding DF to the forage significantly decreased the number of errors and reached control value in all three Mn+DF groups ( Table 1 , last two columns).
Tissue Mn concentrations
Compared to control, blood, liver, and cerebral cortex Mn concentrations signifi cantly increased in the Mn group, whereas blood, liver, cerebral cortex, and stool Mn was comparable between control and the 16 % DF group. The addition of DF, signifi cantly lowered blood, liver, and cerebral cortex Mn concentrations in all three Mn+DF groups, but they remained higher than control, save for cerebral cortex in the Mn+16 % DF group. Mn excretion was signifi cantly higher in all Mn+DF groups (Table 2) and showed a linear correlation with increasing DF percentage. A similar linear correlation was found for Mn concentrations, which dropped in the liver and cerebral cortex and rose in the stool as DF levels increased (P<0.05) ( Table 2) .
Micronutrients tissue concentrations
No difference in any of the observed micronutrient (Zn, Cu, and Fe) in blood, liver, or cerebral cortex concentration was found between the groups (Table 3) .
DISCUSSION
Neurobehavioral changes induced by manganese
Beside factors related to the host organism, chemical forms may influence Mn absorption, distribution, and toxicity (23) . Our choice of MnCl 2 was based on following reports. Reaney et al. (24) reported that Mn 2+ and Mn 3+ differed in toxic properties and Gunter et al. (25) reported Mn 3+ could not be positively identified in the mitochondria of neuroteratocarcinoma (NT 2 ) cells, liver, brain, or heart. These fi ndings suggest that Mn 2+ is the toxic form for humans.
Although Mn is essential for normal brain development and function, it could be harmful to the immune, reproductive, and other systems and has a neurotoxic potential at high levels (1-3). Learning and memory are two most important facets of cognition and thus indispensable for the research of cerebral functions. Regarded as a standard procedure, Morris water maze test is extensively used to evaluate memory and spatial learning of rodents (22, 26) .
Step-down test is another common method to study learning and memory. In this study, we evaluated both learning and memory and found that oral Mn exposure signifi cantly increased the escape latency, as the exposed rats needed more time to fi nd the platform beneath the water surface. Shorter latency and more errors in the stepdown test also confi rmed that exposure to Mn could affect learning and memory. Our fi ndings corroborate the fi ndings of earlier studies, which showed that exposure to Mn caused permanent aberrations in spontaneous behaviour, learning, and memory functions in mammals, including humans (1).
Protective effects of dietary fi bres against Mn neurotoxicity
The primary objective of our study was to assess the protective effects of DF against Mn neurotoxicity. We found that DF antagonised Mn in rats co-exposed to 4 %, 8 %, and 16 % DF and 50 mg kg -1 body weight Mn, as their escape latency signifi cantly shortened compared to rats exposed to Mn alone. However, only in groups that supplemented with 8 % DF and 16 % DF was escape latency similar to control. Moreover, rats supplemented with DF showed a signifi cantly lower step-down latency and error proneness than rats exposed to Mn alone. These results suggest that DF can provide signifi cant protection against Mn-induced neurotoxic effects, especially at 8 % and 16 % concentrations. These fi ndings are consistent with the protective effects of DF against other heavy metals (Cd, Pb, Hg, Cu and Mg) (17) (18) (19) (20) .
However, our results were partly differ from those of Callegaro et al. (27) , who reported that high-level DF supplements could reduce the absorption of calcium (Ca), phosphorus (P), Mg, and Cu, whereas Mn absorption increased in spite of high DF supplementation. The main reason for this difference may be that our DF was extracted from soybean and was metal free whereas in the study by Callegaro et al. it was a mixture with a high content of various minerals that affect the binding capacity of DF.
Our fi ndings on the Mn excretion rate suggest that DF can facilitate Mn excretion and thus reduce its accumulation in tissues such as blood, liver, and cerebral cortex. The protective effect of DF on the neurotoxicity of Mn appears even more valuable if we take into account that it did not change micronutrient levels.
Manganism treatment is still in want of successful methods (1) . Our study suggests that DF can alleviate manganism symptoms and offers a new approach to its treatment and prevention.
